THE TRANSPORTING EPITHELIA of vertebrates contain a subset of epithelial ionocytes that are highly specialized for regulating ion exchange and the acid base balance of body fluids. The presence of ionocytes has been known for years in mammal kidneys and amphibian and piscine skin and/or gills. Body fluids of freshwater (FW) fishes are hyperosmotic to the environment; therefore, they have to maintain internal homeostasis by complicated ion uptake and acid base regulatory mechanisms, which have been proposed as being achieved by different types of ionocytes (formerly, chloride cells or mitochondrion-rich cells) (7, 15, 20, 21) . In recent studies on zebrafish, a commonly used genetic model species, two subtypes of ionocytes, Na ϩ -K ϩ -ATPase-rich (NaR) cells and H ϩ -ATPaserich (HR) cells, have been identified to be responsible for Ca 2ϩ uptake and Na ϩ uptake/acid secretion, respectively (6, 20, 28, 29, 31, 42) .
During acclimation to fluctuating environments, fish develop compensatory processes for maintaining their internal homeostasis by enhancing gill ion regulatory mechanisms, which is associated with increases in the expression/activity of ion transporters and/or the number of gill ionocytes (7, 21) . It has taken a long time to elucidate the cellular events behind the increase in gill ionocyte numbers during acclimation. Early studies reported that the turnover rate of gill ionocytes labeled with 3 H-thymidine was higher in seawater fish than in FW ones (4, 38) . Some other works demonstrated that most (Ͼ90%) ionocytes survived and underwent a transition of cell types by modifying the transporter expression or apical membrane structures during environmental challenges (14, 30, 37) . Wong et al. (39, 40) used flow cytometry on isolated eel gill cells to indicate enhanced cell proliferation and transition between ionocyte subtypes during seawater acclimation and proposed that a group of nonchloride cells with mitotic activity was composed of stem cells, which would ultimately differentiate into new ionocytes. Taken together, stimulation of the differentiation of ionocytes may be associated with the functional regulation of gill ion transport mechanisms during acclimation to different environments. However, convincing molecular physiological evidence is still lacking to support this notion. Only recently, a new window for examining molecular mechanisms behind the specification and differentiation of ionocytes was opened in zebrafish, which can be studied by various molecular and genetic approaches. Gene-specific loss-and gain-of-function experiments demonstrated that two duplicated forkhead transcription factors, foxi3a and foxi3b, are able to lead ectodermal stem cells to differentiate into ionocytes in zebrafish embryos (18, 23) , and the differential expressions of foxi3a and foxi3b further determine the specifications of NaR and HR cells through a positive regulatory loop (18) . However, it is unknown whether there are any other transcription factors that control the differentiation of a specific type of ionocyte, which is responsible for specific ion transport functions (21) .
A zebrafish homolog of Drosophila glial cell missing (zgcm2), is one such candidate gene. Drosophila gcm encodes a transcription factor that is expressed transiently and earlier than other known glial markers (24) . Mammalian gcm2 is highly expressed in parathyroid glands and acts as a master regulator in development of those glands (13) . A genetic deficiency in gcm2 was found in hypoparathyroidism probands (5) . Fish, which lack parathyroid glands and parathyroid hormone, however, express gcm2 in pharyngeal pouches (32) . In zebrafish, gcm2, the only homolog that has been isolated so far, was proposed as being required for the formation of internal gill buds based on morphological observations (16, 32) . Expression of gcm2 was also detected in an unidentified population of cells scattered over the yolk sac skin (16) , similar to patterns of ionocytes in zebrafish embryonic skin (28, 29) . These findings raised the possibility that gcm2 may be associated with the differentiation of ionocytes.
The purpose of the present study was to examine the role of zgcm2 in differentiation and functional regulation of zebrafish ionocytes. The specific aims were to 1) clone and sequence zgcm2 from the zebrafish genome; 2) investigate the expression patterns of zgcm2 during ontogenesis; 3) identify the cell type specifically expressing gcm2; 4) examine the effects of loss or gain of function of zgcm2 on the appearance and functions of ionocytes; and 5) examine the effects of environmental pH on zgcm2's expression in zebrafish.
MATERIALS AND METHODS

Animals.
The wild-type AB strain of zebrafish (Danio rerio), obtained from stocks of the Institute of Cellular and Organismic Biology, Academia Sinica, were kept in an aquatic tank at 28.5°C under a photoperiod of 14:10-h of light-dark. Fertilized eggs were collected from mating pairs within 30 min after fertilization, and were incubated in local tap water (FW) at 28.5°C. Embryos were incubated in a petri dish until the desired developmental stage. Fish were anesthetized with 100 -200 mg/l of buffered MS222 (3-aminobenzoic acid ethyl ester; Sigma, St. Louis, MO) before sampling, and the experimental protocols were approved by the Academia Sinica Institutional Animal Care and Utilization Committee (approval no.: RFiZOOHP2007081).
Acclimation experiments. Local tap water (control, pH 6.7-6.9) and acidic FW (pH 4.00 -4.05) were prepared to determine the effects of an acidic medium following previously described methods (42) . The acidic medium was made by adding H2SO4 to local tap water, and the concentrations of other ions in the acidic FW were maintained the same as those in the control (local tap water). Adult zebrafish were acclimated for 7 days to acidic FW and local tap water, and all showed normal swimming behavior with no mortality during the acclimation period. During the experiments, prepared acidic FW stock was continuously pumped into the experimental tank bottom with an electric pump to maintain a stable pH. The pH of all experimental media was checked with a pH meter (model MP225; Mettler Toledo, Schwerzenbach, Switzerland), and ion concentrations were determined by atomic absorption spectrometry (model U-2000; Hitachi, Tokyo, Japan). Gills were sampled and subjected to measurement of mRNA expressions of zgcm2 (NP_001005603) and zatp6v1a (the H ϩ -ATPase A subunit; NP_957429) at different sampling times after acclimation.
RT-PCR analysis. Appropriate amounts of embryos or tissues were collected, homogenized in Trizol reagent (Invitrogen, Carlsbad, CA) and treated for total RNA purification following the manufacturer's protocol. Genomic DNA was removed by treating total RNA with DNase1 at 37°C for 15 min. The amount and quality of total RNA were checked at 260 and 280 nm absorption with a Nanodrop Spectrophotometer (model ND-1000; PerkinElmer, Wilmington, DE), and also by running RNA denatured gels. Total RNA (5 g/reaction) from different embryonic stages or different tissues was subjected to complementary (c)DNA synthesis with a SuperScript III Reverse Transcriptase kit (Invitrogen). For PCR amplification, 1 l of cDNA was used as template in a 20-l reaction volume containing 0.25 M dNTP, 1.25 units Gen-Taq polymerase (GeneMark, Taipei, Taiwan), and 0.2 M of each primer.
Real-time quantitative RT-PCR. Total RNA was extracted and reverse-transcribed from zebrafish embryos or gill tissues as described above. mRNA expressions of target genes were measured by quantitative (q)RT-PCR with an ABI Prism 7000 sequence analysis system (Applied Biosystems, Foster City, CA). Primers for all genes were designed (Table 1) using Primer Express software (version 2.0.0; Applied Biosystems). PCRs contained 3.2 ng of cDNA, 50 nM of each primer, and Universal SYBR Green master mix (Applied Biosystems) in a final volume of 20 l. All qRT-PCR reactions were performed as follows: 1 cycle of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. PCR products were subjected to a melting-curve analysis, and representative samples were electrophoresed to verify that only a single product was present. Control reactions were conducted with sterile water to determine background and genomic DNA contamination levels. The standard curve of each gene was confirmed to be in a linear range with ␤-actin as an internal control.
In situ hybridization. Fragments of zebrafish gcm2 (702 bp, nt 840 -1,542) and atp6v1a ( 494 bp, nt 1,335-1,829) were obtained by PCR amplification and inserted into a pGEM-T easy vector (Promega, Madison, WI). After PCR amplification using T7 and SP6 primers, the products were subjected to in vivo transcription with SP6 RNA polymerase (Roche, Penzberg, Germany). Labeled RNA probes were examined with a Nanodrop spectrophotometer and RNA gel electrophoresis to confirm the quality and concentration. Zebrafish embryos or adult gills were fixed in 4% paraformaldehyde in a PBS (1.4 mM NaCl, 0.2 mM KCl, 0.1 mM Na 2HPO4, and 0.002 mM KH2PO4; pH 7.4) solution at 4°C overnight. Afterward, embryos and gills were washed with diethylpyrocarbonate-PBST (PBS with 0.1% Tween-20) several times (for 10 min each), and then samples were incubated with hybridization buffer (50% formamide, 5ϫ SSC, and 0.1% Tween 20) at 65°C for 5 min and with hybridization buffer containing 500 g/ml yeast tRNA at 65°C for 4 h before hybridization. After overnight hybridization with 100 ng/ml Dig-labeled antisense or sense RNA probes, samples were washed serially with 50% formamide: 2ϫ SSC (at 65°C for 20 min), 2ϫ SSC (at 65°C for 10 min), 0.2ϫ SSC (at 65°C for 30 min, 2 times), and PBST at room temperature for 10 min. Afterward, embryos were immunoreacted with an alkaline phosphatase-coupled anti-Dig antibody (1:8,000) and were then treated with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate for the alkaline phosphatase reaction. For double in situ hybridization, fluorescence staining was conducted with a commercial kit of tyramide signal amplification (TSA Plus Fluorescence Systems; PerkinElmer). The hybridization signals detected by the Dig-labeled RNA probes were amplified through cyanine 3-tyramide signal amplification, while fluorescein-tyramide signal amplification was used for the DNP-labeled probes. Images were acquired with a stereomicroscope (model SZX-ILLD100; Olympus, Tokyo, Japan), an upright microscope (Axioplan 2 Imaging; Carl Zeiss, Oberkochen, Germany), or a confocal laser scanning microscope (model TCS-SP5; Leica Lasertechnik, Heidelberg, Germany), depending on the image size desired.
Immunocytochemistry. Samples were fixed with 4% paraformaldehyde in PBS (1.4 mM NaCl, 0.2 mM KCl, 0.1 mM Na 2HPO4, and 0.002 mM KH 2PO4; pH 7.4) solution for 1 h at 4°C. After being rinsed with PBS, samples were postfixed and permeabilized with 70% ethanol at Ϫ20°C for 10 min. After being washed with PBS, samples were incubated with 3% BSA for 30 min to block nonspecific binding. Afterward, samples were incubated with an anti-avian Na ϩ -K ϩ -ATPase (NKA) ␣-subunit monoclonal antibody (␣5, diluted 1:600; Developmental Studies Hybridoma Bank, University of Iowa, Ames, IA) and/or a polyclonal antibody against the A-subunit of killifish H ϩ -ATPase (HA) (diluted 1:200) at 4°C overnight. Samples were further incubated with goat anti-mouse immunoglobulin G conjugated with Alexa Fluor 568 or Cy5 (1:200 diluted with 3% BSA, Molecular Probes) and/or a goat anti-rabbit immunoglobulin G conjugated with Alexa Fluor 488 or Alexa Fluor 568 (1:200 diluted with 3% BSA, Molecular Probes) at room temperature for 2 h. Observation and image acquisition were carried out using a TCS-SP5 confocal laser scanning microscope (Leica Lasertechnik) or an upright fluorescence microscop (Axioplan 2 Imaging; Carl Zeiss, Oberkochen, Germany). In the experiment to quantify the HR or NaR cell density, three areas from the gill filament of each zebrafish individual or from the flat area of yolk sac skin for each zebrafish embryo were selected. The HR or NaR cell number was then counted to calculate the density of cells.
Translational knockdown with antisense morpholino oligomers. Morpholino oligonucleotides were obtained from Gene Tools (Philomath, OR). The mopholinos used against zgcm2 begins at Ϫ1 and runs to ATG at the ϩ24 nucleotide position (5Ј-AAACTGATCTGAG-GATTTGGACATG-3Ј), and it was prepared with sterile water. Using an IM-300 microinjection system (Narishigi Scientific Instrument Laboratory, Tokyo, Japan), 1 nl of morpholinos at the concentrations of 1, 0.5, and 0.25 ng/embryo were injected into 1-2 cell-stage embryos. The maximal concentration that caused no obvious toxic effect on embryogenesis was 0.5 ng/embryo. Phenol red at 0.1% was used as a visualizing indicator.
Overexpression by an mRNA injection. A construct of the fulllength coding region of zgcm2 was cloned in the pCS2ϩ vector. Following linearization of the construct, capped RNA was synthesized with the SP6 mMessage mMechaine kit (Ambion, Austin, TX). The capped mRNA was injected at a concentration of 50 pg/embryo.
Vital dye staining. Concanavalin A (Con-A; a lectin protein capable of selectively binding ␣-mannopyranosyl and ␣-glucopyranosyl residues) has been utilized as a vital dye to label the apical openings of living HR cells in zebrafish embryos (17, 28) . To evaluate the activity of living HR cells, intact embryos were incubated in FW containing 0.5 mg/ml Alexa Fluor 488-conjugated Con-A (Molecular Probes) for 60 min in the dark. After extensive washing with FW, stained embryos were observed under an Axioplan 2 Imaging fluorescence microscope or a Leica TCS-SP5 confocal laser scanning microscope.
For triple staining with Con-A, HA, and NKA, intact embryos were first incubated in the Con-A solution for 60 min, and after washing, Con-A-labeled embryos were fixed and immunostained with HA and NKA antibodies as described above.
H ϩ -selective electrode technique. By following a previously described method of scanning ion-selective electrode technique (28) , an H ϩ -selective electrode technique was used to measure extracellular H ϩ activity (pH) at the surface of zebrafish embryos. A microelectrode with a 3-to 4-m tip diameter was pulled from a glass capillary tube using a P-97 Flaming Brown pipette puller (Sutter Instruments, San Rafael, CA), baked at 200°C overnight, and then vapor-silanized with dimethyl chlorosilane (Fluka, Buchs, Switzerland) for 30 min. The microelectrodes were back filled with a 1-cm column of 100 mM KH2PO4 and then front-loaded with a 20-to 30-m column of liquid ion exchanger cocktail (hydrogen ionophore I-cocktail B; Fluka). The H ϩ -selective microelectrode was connected to an operational amplifier (model IP Amp, Ion Polarographic Amplifier; Applicable Electronics, East Falmouth, MA) via an Ag/AgCl wire electrode holder (World Precision Instruments, Sarasota, FL), and the circuit was completed by placing a salt bridge (3 M KCl in 3% agarose connected to a Ag/AgCl wire). Data acquisition, preliminary processing, and control of the 3D electrode positioner were performed with ASET software (Science Wares, East Falmouth, MA). The microelectrode system was attached to an Olympus upright microscope (model BX-50WI) equipped with a charge-coupled device camera. The Nernstain properties of each microelectrode were measured by placing the microelectrode in a series of standard pH solutions (pH 6, 7, and 8). By plotting the voltage output of the probe against the log H ϩ concentration, a linear regression yielded a Nernstain slope of 59.27 Ϯ 2.3 (n ϭ 10).
To detect the surface H ϩ gradients of zebrafish embryos, scanning ion-selective electrode technique was performed at room temperature (24 -26°C) in a small plastic recording chamber filled with 1 ml of recording solution that contained artificial FW, 300 M MOPS buffer (Sigma), and 0.1 mg/l MS222 (in Tricaine, Sigma; pH 6.8). An anesthetized embryo was positioned in the center of the chamber with its lateral side contacting the base of the chamber for 3 min, and the probe was then moved to the target positions on the skin surface of the yolk sac and recorded. After recording for 30 s, the probe was moved to about 1 cm away from the embryo to record the background values of the medium. The voltage outputs were converted to H ϩ concentrations according to the three-point calibration (described above). In this study, ⌬[H ϩ ] was used to represent the measured H ϩ gradients between the target point on the skin surface and the background.
Statistical analysis. Values are presented as the means Ϯ SD and were compared using Student's t-test or ANOVA.
RESULTS
mRNA expression of zgcm2 in zebrafish embryos and various tissues.
No PCR products were detected in embryos at 8 -9 h postfertilization (hpf) even when the amplification cycles were increased (Fig. 1) . The zgcm2 mRNA began to be expressed from 10 hpf, and its expression was maintained more or less at a stable level to 24 hpf (Fig. 1) . The RT-PCR analysis was also conducted in different tissues including blood, brain, eyes, gills, heart, intestines, kidneys, liver, muscles, spleen, testes, and ovaries from zebrafish adults. Extensive expression of zgcm2 was found in the gills, but only mild expression was seen in the eyes, heart, muscles, and testes ( Fig. 1) , indicating that the gills are the major organ expressing zgcm2 in zebrafish. Fig. 1 . mRNA expression (RT-PCR analysis) of zebrafish homolog of Drosophila glial cell missing (zgcm2) in developing zebrafish and various tissues of adults. The zgcm2 transcripts were first detected at 10 h postfertilization (hpf) and were maintained until 24 hpf. In adults, zgcm2 mRNA was extensively expressed in gills, but only mildly in the eyes, heart, muscles, and testes. The ␤-actin control is shown below.
Localization of zgcm2 in zebrafish embryos and adult gills.
Similar to the RT-PCR results, whole mount in situ hybridization indicated that zgcm2 mRNA appeared in a specific group of cells at the tailbud stage (10 hpf), and cells with the zgcm2 mRNA signal were scattered over the yolk sac surface. The distribution pattern of zgcm2-expressing cells was limited to that of skin ionocytes in the zebrafish yolk sac and yolk extension (28, 33) . This salt-and-pepper expression pattern lasted until 24 hpf, and thereafter, from 48 hpf, zgcm2 mRNA signals shifted to the gill region. The intensity of zgcm2 mRNA signals increased in later stages to 72 hpf (Fig. 2) .
To identify the cell types that expressed zgcm2 mRNA, double fluorescence in situ hybridization for zgcm2 and ztpt6v1a (HA subunit A) mRNAs was conducted in embryos.
As shown in Fig. 3 , all the zgcm2 mRNA signals were found to be colocalized with ztpt6v1a mRNA signals, indicating the specific expression of zgcm2 in zebrafish HR cells. The colocalization of zgcm2 and zatp6v1a also can be found in adult zebrafish gills (data not shown).
Loss of function of zgcm2. Specific antisense morpholinos were designed to knockdown the translation of zgcm2 (Figs. 4  and 5) . The zgcm2 morphants at 72 hpf were immunohistochemically double stained with NKA and HA antibodies. As shown in Fig. 4, A and B , injection of gcm2 morpholinos resulted in the complete loss of HA signals compared with the wild type. However, neither the number nor the signal of NKA was affected in zgcm2 morphants at the same time (Fig. 4, A,  B , and E). Subsequent triple labeling with ConA, NKA, and HA further supported the translational knockdown of zgcm2, as only the appearance of HR cells was affected (Fig. 4, C and D) . The wild type showed NKA signals and colocalized ConA and HA signals (Fig. 4C) , while zgcm2 morphants revealed only NKA signals (Fig. 4D) . Control morpholinos provided by Gene Tools had no effect on the HA signal in zebrafish embryos (data not shown).
As shown in Fig. 4 , F-H, coinjection with zgcm2 cRNA rescued part of the defect, i.e., the disappearance of HR cells, caused by zgcm2 morpholinos, confirming the specificity and effectiveness of the zgcm2 morpholinos used. Compared with wild type (Fig. 4F) , no ConA signal was found in morphants (Fig. 4G) , while some of the signals remained after coinjections of the morpholinos and cRNA (Fig. 4H) .
To investigate whether knockdown of zgcm2 translation altered the normal function of HR cells in zebrafish embryos, H ϩ gradients at five specific locations in 72-hpf embryos as described in Fig. 5A were measured with an electrophysiological technique. Compared with wild-type embryos, morphants had significantly reduced proton secretion particularly at recording sites 1-4 (Fig. 5B) , where the highest density of HR cells appeared (17, 28) .
Gain of function of zgcm2. A gain-of-function experiment on zgcm2 was also conducted by injecting zebrafish embryos with zgcm2 cRNA. As shown in Fig. 6 , overexpression of zgcm2 in zebrafish by injection of cRNA caused a significant increase, by about twofold, in the number of ConA-labeled apical openings of HR cells (Fig. 6, B and C) , compared with the wild (Fig. 6, A and C) , indicating that the zgcm2 overexpression resulted in enhancement in the function of HR cells.
Acclimation to acidic FW. Gills from adult zebrafish, which were acclimated in acidic medium, were labeled with the HA antibody (Fig. 7B) . Compared with the nontreated wild-type, the number of HR cells in acid-acclimated gills was about 1.5-fold higher than that of the control group (Fig. 7, A-C) . The zatp6v1a (HA subunit A) mRNA showed dramatic changes in zebrafish gills after transfer to the acidic medium (Fig. 8) . Compared with that of the control FW group, the mRNA in the acidified group (Fig. 8A) initially decreased, by ϳ34 -20%, at 12 h and later at 3 days posttransfer, but alternately showing increases, by about 30 -64%, from 4 days posttransfer (Fig.  8A) , indicating gradual upregulation of HA for compensation following acclimation to acidic FW. On the other hand, zgcm2 mRNA was not affected until 4 days posttransfer (Fig. 8B) . Compared with the control FW group, the acid group showed about 1.5-and 2.2-fold increases in gill zgcm2 mRNA at 4 and 7 days posttransfer, respectively (Fig. 8B) .
Comparisons of the effects of 7-day acclimation to acidic FW on the zatp6v1a and zgcm2 transcripts and cell density of HR cells in zebrafish adult gills were further conducted. As shown in Table 2 , all parameters, i.e., zatp6v1a and zgcm2 mRNAs and HR cell density (with ConA as the marker), were significantly higher in the pH 4 group than in the controls. Interestingly, the ratios of pH 4/control FW for each parameter showed no significant differences, indicating that acidic FW caused a similar level of increase in all parameters: zatp6v1a and zgcm2 mRNAs, and HR cell density (Table 2) .
DISCUSSION
In mammals, two gcm homologs, gcm1 and gcm2, have been isolated, and their mRNA expressions, as examined by in situ hybridization, were found to be confined to the placenta and parathyroid gland, respectively (26) . According to a phylogenetic analysis, only one member of the gene family, gcm2, exists in fish (32) , which lack a placenta and parathyroid gland. In a previous study by Hogan et al. (16) , whole mount in situ hybridization experiments indicated zgcm2 mRNA expression in zebrafish embryonic skin and pharyngeal (i.e., gill) ectoderm, and a RT-PCR analysis showed adult skin to be the major tissue expressing zgcm2; however, those researchers apparently overlooked the association with differentiation and/or function in skin cells probably due to the lack of further efforts to identify the characteristics of those cells. In the present study, RT-PCR and an in situ hybridization analysis confirmed that zgcm2 mRNA was predominantly expressed in zebrafish embryonic skin and adult gills, where many ionocytes are located (20, 21, 28, 33) . Moreover, the present triple in situ hybridization and immunocytochemical analyses demonstrated the specific localization of gcm2 mRNA in a 'HR cells' in zebrafish skin/gills, raising the possibility of an association with these ionocytes.
Zebrafish foxi3a and foxi3b have been demonstrated to act as master regulators of the specification and differentiation of ionocytes in zebrafish skin/gills, and specification appeared to be initiated at around the 90% epiboly and tailbud stage (18) . The present study showed that gcm2, similar to foxi3a, begins to be expressed at the tailbud stage and has a similar expression pattern with certain markers (HA and carbonic anhydrase) of ionocytes in later embryonic stages (28, 29) . The zgcm2 mRNA signals could not be found in swirl (ectodermal mutants) but were detected in one-eyed pinhead, cloche (mesodermal mutants) and casanova (endodermal mutants) embryos, suggesting that gcm2-expressing cells may originate from nonneural ectoderm cells (16) . Ionocytes have also been demonstrated to be derived from nonneural ectoderm (18, 23) , and functional ionocytes shift from the skin to gills during developmental stages (19, 22, 33) . Furthermore, a shift of gcm2 expression from skin to gill epithelium during 24-to 72-hpf embryonic stages was also found in the present study. All of these findings imply that zgcm2 may have a similar function in ionocyte differentiation as foxi3a.
As discussed above, zebrafish foxi3a and foxi3b are key players in the specification and differentiation of certain types of ionocytes, HR and NaR cells (18) . In the present loss-offunction experiments, gcm2 was identified to be another regulator for ionocyte differentiation, and more importantly, gcm2 was demonstrated to be a factor specific to HR cells but not to the other types of ionocytes. This convincing evidence includes A model for the development of skin/gill ionocytes in zebrafish was proposed by Hsiao et al. (18) . During the epiboly stage, the epidermal ectoderm develops from the ectoderm by induction of bone morphogenetic protein (BMP) signaling (41) . Some of the ⌬Np63-expressing epidermal cells (epidermal stem cells) begin to express foxi3a/3b and deltaC in the tailbud stage. In these ionocyte precursors (i.e., foxi3a/3b-expressing cells), expression of jagged2a is activated by foxi3a and/or foxi3b at the five-somite stage. After that, foxi3a/3b and their interactions activate the differential transcriptions of NKA and HA following the 11-somite stage, and ionocytes become mature afterward (18, 23) . Based on the present and previous findings (9, 16, 25, 32) , several possible roles for gcm2 in the differentiation of ionocytes can be proposed. The gcm2 may be necessary for the specification and early differentiation of skin ionocytes, since it initiates expression in the tailbud stage and is then downregulated after the 30-somite stage similar to deltaC (18) . The foxi3a/3b and/or their interactions are essential for different types of ionocytes (18, 23) . On the other hand, gcm2 is specific to HR cells. Whether gcm2, foxi3a, and foxi3b have a common and unknown upstream factor and how these genes interact to regulate the differentiation of different types of ionocytes deserve further studies in the future.
In mammalian renal collecting tubules, ␤-intercalated cells, a cell type that secretes HCO 3 Ϫ , are converted to ␣-intercalated cells, the cell type that secretes H ϩ during metabolic acidosis, and this adaptation process is mediated by the extracellular protein hensin, which is considered to control terminal differentiation of renal epithelial ionocytes (2, 36) . It has long been known that the related transporters of fish gill/skin ionocytes increase in number and expression due to compensatory functional regulation during acclimation to high salinities or iondeficient FW (for a review, see Refs. 8, 21). In nature, fish encounter harsh environmental challenges, including acidic situations. It has been well documented that increases in the activity and expression of branchial HA result in enhanced net acid flux for compensation during hypercapnia acidosis or other acid-base disturbances, and the regulation of gill acid flux has been proposed as being involved in gill remodeling by increasing the apical surface area of acid-excreting pavement cells (12, 27, 34) . PNA Ϫ cells isolated from rainbow trout gills were identified to be the subtype of mitochondrion-rich pavement cells that are responsible for acid secretion (10, 11) , but surprisingly there is no direct evidence to explore whether the Values are means Ϯ SD'; n ϭ 5 as indicated. a mRNA was normalized to the ␤-actin concentration;. b Student's t-test was conducted between control FW and pH 4 for each parameter; c no significant difference was found in the pH 4-to-control FW ratios among the 3 parameters (1-way ANOVA). *Significant difference (P Ͻ 0.05) from the control FW group. enhancement of HA expression and function results from an increase in the number of acid-secreting cells, nor is much known about the cellular mechanism behind this. In zebrafish, HR cells are ionocytes that specifically express a high level of apical HA and function in acid secretion in zebrafish skin/gills (17, 20, 28) . The present study demonstrates that as a compensatory response to acid disturbance, an increase in the population of HR cells in zebrafish skin/gills is one of the pathways for stimulating HA expression and function. Furthermore, this augmentation of the cell number is probably controlled by the upstream transcription factor GCM2, because both gcm2 and zatp6v1a (HA subunit A) mRNAs are simultaneously stimulated following acclimation to acid FW. As shown in Table 2 , acid FW caused a similar level of stimulation in the mRNA expressions of gcm2 and zatp6v1, as well as in the number of HR cells, demonstrating that the increased HA transcripts mostly resulted from GCM2-dependent differentiation of HR cells. This indicates that enhancing cell differentiation of ionocytes may be one of the strategies to increase transporter expression and cellular function, and also implies that the program for ionocyte's specification and differentiation (18, the present study) during embryonic development may be modulated to meet physiological demands during environmental challenges.
In summary, GCM2 was identified as a factor that specifically controls the differentiation of HR cells in zebrafish skin/gills, and the factor can be stimulated to enhance the differentiation of HR cells, subsequently increasing the HR cell population that results in augmentation of HA expression and acid secretion function as a compensatory mechanism during acid base disturbances.
Perspectives and Significance
For a long time it has been an important issue to study how proliferation and differentiation (and thus, the function) of fish gill ionocytes are regulated for compensation during acclimation to harsh environment, and several neuroendocrines are indicated to control these events. Zebrafish GCM2, a transcriptional factor, appears to serve as a possible molecule to link the upstream neuroendocrines and the downstream target, ionocytes. This finding also opens a new window to study the molecular/cellular mechanisms behind the functional regulation of fish gill ionocytes during acclimation to fluctuating environment. It would be evolutionarily important and interesting to see whether this pathway also occurs in species other than zebrafish.
